Colorectal cancer (CRC) presents as a very heterogeneous disease which cannot sufficiently be characterized with the currently known genetic and epigenetic markers. To identify new markers for CRC we scrutinized the methylation status of 231 DNA repair-related genes by methyl-CpG immunoprecipitation followed by global methylation profiling on a CpG island microarray, as altered expression of these genes could drive genomic and chromosomal instability observed in these tumors. We show for the first time hypermethylation of MMP9, DNMT3A and LIG4 in CRC which was confirmed in two CRC patient groups with different ethnicity. DNA ligase IV (LIG4) showed strong differential promoter methylation (up to 60%) which coincided with downregulation of mRNA in 51% of cases. This functional association of LIG4 methylation and gene expression was supported by LIG4 re-expression in 5-aza-2 ′ -deoxycytidine-treated colon cancer cell lines, and reduced ligase IV amounts and end-joining activity in extracts of tumors with hypermethylation. Methylation of LIG4 was not associated with other genetic and epigenetic markers of CRC in our study. As LIG4 is located on chromosome 13 which is frequently amplified in CRC, two loci were tested for gene amplification in a subset of 47 cases. Comparison of amplification, methylation and expression data revealed that, in 30% of samples, the LIG4 gene was amplified and methylated, but expression was not changed. In conclusion, hypermethylation of the LIG4 promoter is a new mechanism to control ligase IV expression. It may represent a new epigenetic marker for CRC independent of known markers.
INTRODUCTION
Worldwide, more than 1 million people are diagnosed with colorectal cancer (CRC) each year (1) . On the molecular level, sporadic CRCs are a heterogeneous disease and can be classified into specific phenotypes based on genetic instability and DNA methylation. Frequently observed mutations affect cancer associated genes like APC, KRAS, TP53 and BRAF. In addition, chromosomal instability (CIN) or microsatellite instability (MSI) is found. MSI is characterized by an accumulation of mutations in microsatellite regions in the DNA caused by defective DNA mismatch repair (2, 3) . Approximately 15% of CRCs † These authors contributed equally to this work. display MSI (4) with the majority showing repression of the mismatch repair gene MLH1 by means of promoter hypermethylation (5) . CRCs without MSI present a heterogeneous group that can be further differentiated into cases showing CIN with amplifications, deletions and translocations of whole chromosomes or parts of chromosomes (6) and a smaller group of cases showing no CIN (7, 8) . In summary, alterations in mechanisms involved in maintaining genomic stability such as DNA repair seem to be strongly involved in colon cancer development.
A common phenomenon of CRC is a concordant hypermethylation of multiple CpG islands (CGIs) known as CGI methylator phenotype (CIMP) (9) . Today, different marker panels for identification of CIMP have been established including the distinction between two different CIMP types: CIMP-high (CIMP-H) and CIMP2 (also termed CIMP-L) (10) (11) (12) . MSI and CIMP were shown to be inversely correlated with CIN in sporadic CRC (13) . This indicates the presence of independent tumorigenic pathways and highlights the important role of aberrant DNA methylation in colon tumorigenesis. However, the mechanisms underlying CIN are poorly defined and seem to be more complex than the association between defective mismatch repair and MSI.
Thus, our aim was to identify new genes showing aberrant methylation in CRC that might be involved in tumorigenesis. We used methyl-CpG immunoprecipitation (MCIp), which enriches for methylated DNA (14) . We screened for differentially methylated regions in 16 matched pairs of colon cancer and normal tissues by analysis of the enriched methylated DNA on CGI microarrays. Since defects in the DNA repair machinery are likely to play a central role in the development of genetic instability, a DNA repair pathway-specific analysis of MCIp data was performed. The epigenetic regulation of one of the identified genes, the DNA, ATP-dependent ligase IV (LIG4), was characterized in more detail. Ligase IV is the enzyme finalizing the nonhomologous end-joining (NHEJ) of DNA double-strand breaks (DSBs) during DNA repair and V(D)J recombination in the immune response. Our results highlight that LIG4 expression deregulated by DNA methylation has a functional impact on DSB end-joining in a colon cancer cell model and in colon tumor tissue.
RESULTS

Identification of new DNA repair genes hypermethylated in colon cancer
A genome-wide DNA methylation analysis was performed in DNA of tissues from 16 CRC patients (Supplementary Material, Table S2 ) [Department of Pathology, Hong Kong University (HKU)] using MCIp and hybridization to CGI micorarrays. For a DNA repair pathway-related evaluation, a compilation of 231 genes (Supplementary Material, Table S1 ) was used which consisted of genes involved in the core DNA repair pathways and DNA damage signaling (15) as well as genes participating in replication and chromatin remodeling (16) . For selecting differentially methylated candidate CGIs, a significance analysis of microarrays (SAMs) analysis of all probes and all 16 samples with a false discovery rate (FDR) of 5% revealed 44 920 significantly hypermethylated probes. These included 258 probes annotated with DNA repair-related genes. A further selection step concentrated on hypermethylated regions which required at least two significantly hypermethylated probes within a 500 bp genomic region. This resulted in 37 CGIs associated with 28 different genes from our list which were hypermethylated in colon cancer (Table 1) .
Using the following criteria, three genes were selected for validation in two independent sample sets: MMP9 was the gene with the highest number of differentially methylated probes, DNMT3A as a methyltransferase might play a role in tumor-associated hypermethylation and LIG4 represented a major component of DSB repair by NHEJ. Differential methylation was confirmed by the quantitative MassARRAY methylation assay. In Validation set 1 (Fig. 1A and Supplementary Material, Table S2 ), the median methylation values were higher in tumor tissue than in controls for MMP9 (65 versus 37%), DNMT3A (51 versus 35%) and LIG4 (36 versus 15%). All differences were statistically significant (P , 0.001, Mann -Whitney test). Similar methylation values for these genes were found in Validation set 2 (Fig. 1B) . In summary, methylation differences discovered by MCIp analysis were confirmed by quantitative methylation analysis in two independent sample sets of CRC patients of different ethnic origin. Based on mRNA expression in colon cancer cell lines and on the novelty as a differentially methylated marker gene in colon cancer, further analyses focused on LIG4. MMP9 and DNMT3A were not further analyzed as mRNA expression in CRC cell lines (HCT116, HT29 and SW48) was below the detection limit and expression in colon mucosa was reported to be low (BioGPS gene expression database www.biogps.org). The UCSC genome browser revealed three transcripts of LIG4 that all encode the same protein ( Fig. 2A) . Both the long and the two short transcripts of LIG4 were well detectable and expressed in the cell lines (Fig. 3C) . The differentially methylated CGI was located at the internal promoter site and associated with open chromatin marks suggesting a possible role in transcriptional regulation. The importance of correct ligase IV function is supported by reports that LIG4 plays an important role in DSB repair via NHEJ, that a loss of ligase IV function by mutations causes severe immunological and developmental defects (LIG4 syndrome) (17) , and that LIG4 is involved in the pathogenesis of Myelodysplastic Syndromes (MDS) (18) . Furthermore, LIG4 deficient, heterozygous mice have shown increased cytogenetic aberrations (19) and dramatic CIN (20) . However, there are no reports on gene regulation so far, especially on differential methylation in tumors. Thus, we hypothesized that a reduced LIG4 expression due to hypermethylation might play a role in CRC development.
Quantitative characterization of methylation differences in two CGIs associated with LIG4
We therefore comprehensively characterized aberrant DNA methylation of LIG4 in CRC samples of both validation sets. The LIG4 gene harbors two CGIs (Fig. 2A) . The hypermethylation found in colon tumors by MCIp is located in the downstream CGI that has a length of 300 bp. Amplicon LIG4_a1 covers 10 CpG sites, seven of which gave a read-out in the MassARRAY assay and revealed a highly significant hypermethylation in CRC tissues in the two independent sample sets (Validation set 1: P ¼ 0.0001, set 2 P ¼ 0.004; Mann -Whitney test; A second CGI covers the transcription start site of the longest LIG4 transcript and is shared by ABHD13, a gene which is transcribed in the opposite direction. This CGI is 889 bp long and the 303 bp amplicon named LIG4_a2 covers 29 CpG sites, 19 of which were analyzed by the MassARRAY assay. This region is completely unmethylated in normal and tumor colon tissues (Fig. 2C) suggesting that it serves as a bidirectional promoter for ABHD13 and LIG4, and that transcriptional regulation of LIG4 via DNA methylation occurs at the downstream CGI.
To further support the role of LIG4 methylation in CRC development, we analyzed Validation set 1 for associations between LIG4 hypermethylation and further molecular (MSI and CIMP status, mutations in KRAS, BRAF, TP53 and APC) or clinical parameters (age, sex and Duke's stage) (21) . None of the variables was significantly associated with LIG4 hypermethylation (Table 2 ). In particular, there was no increase in methylation according to CIMP status suggesting LIG4 hypermethylation as a novel marker in CRC, independent from so far known markers. This association analysis of methylation and clinical parameters was not repeated in Validation set 2 because of missing data.
LIG4 expression is downregulated in CRC
To investigate a possible functional impact of LIG4 methylation in CRC, mRNA expression of LIG4 was analyzed by quantitative RT -PCR in 393 CRC and 61 paired normal colon (Validation set 3, Supplementary Material, Table S2 ). Analysis focused on an amplicon covering the two transcripts LIG4_2 and LIG4_3 because their transcription start sites were located within or close to the differentially methylated CGI (Fig. 2A) . A marked downregulated expression of LIG4 was detected in the tumor samples (P , 0.001; Fig. 3A ). Validation set 3 included 47 tumor samples of Validation set 1 with methylation data. This subgroup showed an identical distribution of LIG4 expression as the complete cohort (Fig. 3A) . About half of the samples (24/47) had lower relative LIG4 expression than the 25-percentile of the normals (,0.0019), therefore they were defined as LIG4 downregulated. The majority of the LIG4 downregulated tumors (19/24; 79%) showed LIG4 hypermethylation ( Fig. 3B ) suggesting a functional link between DNA hypermethylation at the internal promoter site of LIG4 and reduced gene expression.
To corroborate this link, colon cancer cell lines (HCT116, HT29 and SW48) were treated with the demethylating agent 5-aza-2 ′ -deoxycytidine (5-aza-dC), and methylation state of the LIG4 promoter and re-expression of the gene were measured. Decrease of LINE-1 methylation reflected the effect of the treatment on global methylation (Fig. 3D ). LIG4 methylation levels also decreased upon treatment: in HCT116 cells, average LIG4 methylation was reduced from 68 to 35%, in HT29 from 53 to 22%, and in SW 48 from 92 to 33% (Fig. 3E, upper graph) . Accordingly, LIG4 mRNA expression was induced after the 5-aza-dC treatment: in HCT116 LIG4 expression increased 1.6-fold upon the demethylation, in HT29 3.5-fold and in SW48 1.7-fold ( Fig. 3E lower graph, for LIG4 expression levels without 5-aza-dC, see Fig. 3C ). The link between promoter methylation and expression was further supported when HCT116 wild-type cells were compared with their isogenic double-knockout counterpart (DNMT1 2/2 DNMT3b 2/2 ) cells (Fig. 3F ). In fact, decreased LIG4 methylation (upper graph) and increased LIG4 mRNA expression (lower graph) was measured in the deficient cell line compared with the wild type. These results support our hypothesis on transcriptional regulation of LIG4 expression via DNA methylation.
Association of LIG4 amplification and methylation
LIG4 is located on 13q33-34, a chromosomal region known for frequent amplification in CRC [e.g. the Integrative OncoGenomics database, www.intogen.org (22)]. Amplification could affect gene expression or methylation status. Thus, we determined amplification of LIG4 in Validation set 1 in order to correlate it with expression or methylation. A quantitative RT-PCR assay was applied to genomic DNA using primers that detected either LIG4 as a target or the single copy gene Albumin (ALB) as a reference gene. Data revealed that all normal tissues had two LIG4 copies, while 52% (34/65) of the CRC samples contained three or more copies of LIG4 ( It was striking that none of the tumors showed an mRNA expression higher than in normal tissues (Fig. 3A) , although, when extrapolating from our amplification data, about half of the tumors should have an increased number of gene copies. We verified this observation in a subset of 44 tumors, for which LIG4 methylation, mRNA expression and copy number data were available. Within this sample set, 36 samples were hypermethylated, 24 showed lower LIG4 expression and 27 were carrying three or more LIG4 copies as compared with normal tissue. When assessing the overlap between these features, it became evident that the majority of hypermethylated cases (32/36) was associated with either decreased LIG4 expression (n ¼ 19) or amplification and normal expression (n ¼ 13) (Fig. 4B) . Only four cases showed hypermethylation without amplification or a change in gene expression. This underlines the importance of DNA methylation in the transcriptional regulation of LIG4 expression.
Functional consequences of impaired ligase IV protein expression in CRC
In order to study consequences of the observed hypermethylation and downregulation of LIG4, we monitored DSB repair after a 10-Gy irradiation by histone H2AX phosphorylation (gH2AX assay) in the colon cancer cell line HCT116 with and without LIG4 siRNA knockdown ( Fig. 5A and B) . Cells only treated with transfection reagent reached the strongest gH2AX signal intensity 0.5 h after irradiation and removed 50% of the signal within 22 h after irradiation indicating efficient DNA DSB repair (Fig. 5C ). Cells with LIG4 knockdown showed a similar intensity of gH2AX signals after radiation, but they did not reduce the signal within 22 h. Results indicate that a loss of LIG4 expression leads to a severe DSB repair defect in a colon cancer cell line.
We also examined the impact of transient ectopic overexpression of LIG4 in the CRC cell lines HCT116 and HT29. Although we found 1000-fold overexpression of LIG4 mRNA, protein levels were only moderately increased, especially in HT29 (Supplementary Material, Fig. S4 ). This LIG4 overexpression did not affect cell viability measured by propidium iodide and trypan blue exclusion as well as calcein fluorescence (Supplementary Material, Fig. S5 ). In HCT116, however, LIG4 overexpression affected the cell cycle as indicated by a significant decrease of the G1 phase.
In addition, we measured LIG4 methylation, protein amount and end-joining activity in nuclear extracts (see Supplementary Material, Fig. S6 ) from 10 randomly selected colon tumors and normal adjacent mucosa samples to analyze the correlation between LIG4 promoter methylation and protein activity. As four samples showed protein degradation visible in the western blot, only six sample pairs remained in the analysis. Three of the tumor tissues (P1 -P3) showed LIG4 hypermethylation (.19%, the cutoff value determined in Validation set 1, Fig. 6A ). Two samples clearly showed reduced ligase IV protein levels (see samples P2 and P6, Fig. 6B ), whereas for sample P1 the western blot was ambiguous. For the samples without methylation change (P4 and P5) equal amounts of ligase IV protein and end-joining activity was found. Endjoining activity (Fig. 6C) was reduced in tumors of sample pairs P1, P2 and P6, corresponding to the reduced amount of protein in tumors P2 and P6 and to the hypermethylation in tumors P1 and P2. Thus, this small sample set confirms the functional impact of LIG4 methylation status on ligase IV activity; however, sample pairs P3 and P6 indicate that further mechanisms must be active in the regulation of LIG4 expression.
DISCUSSION
Our genome-wide MCIp analysis revealed new differentially methylated regions associated with CRC. We scrutinized the methylation status of 231 DNA repair-related genes as altered expression of these genes could drive the genomic instability observed in CRC. DNA methylation-related reduction of mismatch repair gene expression, e.g. of MLH1 and MSH2, is already known in MSI colorectal tumors (23) . Molecular Tumors showing a higher methylation in the LIG4_a1 region than the 75-percentile of the normal tissues (19%) were defined as hypermethylated (see Fig. 2A and B) . % indicate the amount of hypermethylated cases in relation to all samples with a specific characteristic. b Fisher's exact test compared patients with normal methylation and those with hypermethylation of LIG4.
causes of MSS tumors, however, which typically present with CIN (24) are not analyzed as detailed so far but further defects in DNA repair genes are plausible. An additional link between DNA repair and CRC comes from reports on exogenous cancer risk factors which are associated with certain subtypes of CRC, especially smoking and CIMP tumors (25, 26) . As our screen focused on differentially methylated regions with functional impact but not on those with the strongest methylation differences, we carefully controlled our statistical evaluation for detection of false positives by a FDR of 5% and by counting only CGIs with at least two significant probes close to each other. We identified the already known hypermethylation of MLH1 with this strategy and thus consider this stringent data evaluation approach as reliable. Its success is further underlined as three hypermethylated candidate regions in the MMP9, DNMT3A and LIG4 genes were newly identified as biomarkers for CRC. This was confirmed in independent CRC sample sets with a quantitative methylation assay. The markers MMP9, a member of the matrix metalloproteinase family degrading Type IV and V collagen, and DNMT3A, a DNA methyltransferase, were not further followed up in this study, as for both genes we found only low amounts of mRNA expression in normal colon tissues and CRC cell lines. They could however present biomarkers for diagnosis or prognosis in CRC.
LIG4 encodes an ATP-dependent DNA ligase that is essential for V(D)J recombination and joins DSBs in the NHEJ pathway, thus loss of LIG4 expression is supposed to contribute to genomic instability and tumorigenesis. Ligase IV is the crucial enzyme for completing NHEJ by forming a complex together with XRCC4 and the XRCC4-like factor XLF for final ligation of the break in an ATP-dependent step (27) . In mice, homozygous inactivation of LIG4 was found to be embryonic lethal at E16.5 in two independent knockout approaches (28, 29) . LIG4 2/2 mouse embryonic fibroblasts generated from 13.5-day-old embryos exhibited growth defects, premature senescence and increased sensitivity to ionizing radiation. LIG4 +/2 heterozygous mice could not be distinguished from their wild-type littermates, however, LIG4 +/2 fibroblasts showed increased CIN (30) . Mice with a homozygous LIG4 R278H mutation showed also colon adenocarcinomas (31) . The LIG4 syndrome is a rare hereditary disorder characterized by growth retardation, developmental delay, microcephaly, unusual facial features, skin anomalies and pancytopenia. Different LIG4 mutations were reported, but all of them are hypomorphic and leave residual ligase activity (32) . Patients exhibit marked radiosensitivity, early genome instability, immunodeficiency and bone marrow abnormalities (33) . Some of them showed T-cell leukemia, B-cell lymphoma or myelodysplasia (17) implying a higher risk for lymphoid malignancies in this disease. As a novelty in CRC, we demonstrate LIG4 hypermethylation of a CGI located close to the transcription start site of two LIG4 transcripts in 80% of CRC tissues analyzed. Asian patients (Validation set 1) showed a similar frequency and distribution of LIG4 methylation as Caucasian patients (Validation set 2) indicating that there are no differences between ethnic groups. Interestingly, LIG4 hypermethylation was not associated with any of the investigated molecular and clinical markers (age, gender, Duke's stage, MSI status, CIMP status, KRAS, BRAF, TP53 and APC mutation). As a conclusion, LIG4 hypermethylation is not a passenger of the CIMP phenotype suggesting that it could serve as a novel and independent marker in CRC.
Quantification of mRNA and protein levels in CRC tissue, adjacent normal tissues and cell lines showed that LIG4 is moderately expressed in normal colon mucosa and cell lines whereas expression is weaker in 50% of the tumors. Thus, the frequent hypermethylation of LIG4 found in CRC tissues was accompanied by a downregulation of the gene on the mRNA and the protein level suggesting a regulatory role of promoter DNA methylation. Demethylation experiments in cell lines using 5-aza-dC strengthened this association between LIG4 hypermethylation and downregulation of expression. In addition, we confirmed that DSB repair was impaired by LIG4 knockdown in a colon cancer cell line and that end-joining activity was compromised in cellular extracts from colon tumors with methylated LIG4. These data point at an important function of LIG4 in the colon; this function seems to be disturbed in a subgroup of colon tumors. No details are known about the transcriptional regulation of LIG4; published investigations on LIG4 regulation mainly covered protein stability and posttranslational modifications (34, 35) but not, as shown here, epigenetic regulation of this gene.
It was, however, striking that only half of the LIG4 hypermethylated cases had lower LIG4 mRNA levels suggesting that further mechanisms must be involved in LIG4 gene regulation. We suspected LIG4 amplification to be involved, because the gene is located on chromosome 13q33 -34, a region which is frequently amplified in CRC (7). In general, amplification can cause increased gene expression (36) . We could verify LIG4 amplification in 50% of the cases of Validation set 1. In Validation set 3, where we measured LIG4 mRNA expression in 393 CRC and 61 adjacent normal tissues, distribution of data reveals that none of the CRC samples showed a higher expression than that obtained for the group of normal tissues. Although we did not measure amplification of the LIG4 locus in this sample set, we have to assume that about half of the samples show this amplification. Thus, we conclude that promoter DNA methylation might be a mechanism in CRC to balance LIG4 amplification and to prevent overexpression. This is in concordance with a recent report that the vast majority of genes located on frequently amplified chromosome arms which are frequently amplified in CRC do not show elevated expression levels (37) . Interestingly, the strongest LIG4 reexpression after 5-aza-dC demethylating treatment was found in HT29 cells which have been reported to harbor amplification of chromosome 13 (38) . We concluded that LIG4 expression is tightly regulated and its overexpression might not be well tolerated by the cell. In line with this, transient LIG4 overexpression in HCT116 cells (without LIG gene amplification) led to a moderate protein overexpression and slight alterations of the cell cycle. Protein overexpression in HT29 was only marginal indicating a strong posttranslational control of protein expression. HT29 shows a strong alteration of the cell cycle (data not shown) which is caused by a defect in p53. Potential changes induced by LIG4 overexpression might therefore not be detectable. Moreover, the limited effects of LIG4 overexpression might be due to the fact that ligase IV, together with XRCC4, is a component of the functional heterodimeric ligation complex and, thus, does not exert its activity on its own (39) . A further mechanism controlling the dosage of LIG4 mRNA amounts could be posttranscriptional silencing by miRNAs. We used miRGator to predict LIG4 targeting miRNAs (miRGator v3.0; http://mirgator.kobic.re.kr). Some of them might be expressed in CRC and could regulate LIG4 expression (40) . In addition, reduced LIG4 levels and activity in tumors could be caused by somatic gene mutations. To address this point we screened the Cancer Genome Atlas Network database for LIG4 mutations detected in 276 colon and rectal cancers by exome sequencing (41) . In fact, LIG4 mutations were found in mismatch repair deficient, hypermutated MSI tissues as well as in nonhypermutated cancers but not at a high frequency. To further corroborate our data, a detailed investigation of the interplay between LIG4 methylation, amplification and expression is required which should also include additional potential regulatory factors such as the strong posttranslational control of ligase IV activity. In addition, there are ligase IV-independent DSB repair pathways via homologous recombination (HR) (42, 43) or a back-up NHEJ pathway (B-NHEJ) (44) . Both pathways involve DNA ligase III and could compensate for a LIG4 deficiency in NHEJ.
Moreover, further molecular defects of CRC tumors such as mismatch repair or p53 mutation status could provide an additional repair defect. Information on the interaction of these defects is scarce; we do however know that p53 knockout can compensate certain effects of ligase IV deficiency in mice (45) , probably because of deficient cell cycle control. Interactions between repair defects could be useful targets for new cancer treatments by providing a rationale for synthetic lethality (46) . In summary, our data present evidence that LIG4 promoter hypermethylation contributes to reduced LIG4 expression in CRC. An important question remains whether this differential methylation affects survival of CRC patients.
MATERIALS AND METHODS
Patient cohorts
Frozen tumor and normal colon samples of 16 Chinese CRC patients were used for genome-wide DNA methylation analysis (discovery set, Department of Pathology, HKU). Twelve patients showed CIMP characterized by 12 CIMP markers, four patients were CIMP-negative, two patients showed MSI. All samples except the two MSI cases were patients with an age at diagnosis of 50 years or younger. Differentially methylated sites detected from genome-wide methylation analysis Table S2 . DNA or RNA extraction was performed after cryostat sectioning to confirm the tumor purity in tumor block (.70%) and the absence of tumor contamination in normal block.
Cell culture, 5-aza-dC and siRNA treatment Colon cancer cell lines HCT116 and the isogenic doubleknockout (HCTDKO (47)) cells (DNMT1 2/2 ; DNMT3B 2/2 ) were cultivated in McCoy's medium, HT29 and SW48 in RPMI. Both culture media were supplemented with 10% FCS and 1% penicillin/streptomycin. All cell lines were maintained at 378C in a humidified 5% CO 2 atmosphere. Cell lines were authenticated and tested for mycoplasma contamination in regular intervals by the DKFZ Genomics and Proteomics Core Facility (48, 49) .
For treatment with 5-aza-dC, cells were seeded in T75 culture flasks (5 × 10 5 cells) the day before the treatment. Freshly diluted 5-aza-dC (Sigma-Aldrich) in PBS was added to the culture medium at a final concentration of 0.5 mM. Treatment was repeated every 24 h. Treatment with PBS was used as a negative control and cells were harvested 96 h after starting the treatment.
For transient transfection with siRNA, HCT116 cells were seeded in 24-well plates (2.5 × 10 4 cells/well) and were kept in antibiotic-free culture medium overnight. A pool of three Ambion Silencer Select siRNAs targeting LIG4 (Life Technologies) was added together with DharmaFECT1 transfection reagent (Thermo Fisher Scientific) at a final concentration of 20 nM to the cells. Transfection reagent only served as negative control. Cells were harvested 72 h after transfection, efficiency of the knockdown was confirmed by mRNA quantification and western blot.
DNA and RNA isolation
Genomic DNA from cell lines was isolated using the QIAamp DNA Mini Kit (Qiagen), total RNA was isolated using the RNeasy Mini Kit (Qiagen). DNA and RNA from frozen tissue samples were isolated using the Allprep DNA/RNA/Protein Mini Kit (Qiagen) or comparable methods.
MCIp and CGI microarray analysis
Methyl-CpG-binding domain (MBD)-Fc protein was produced and MCIp performed as previously described (14, 50, 51) with minor modifications. In brief, 30 mg of MBD-Fc protein was coupled to 50 ml SIMAG protein A magnetic beads (Chemicell) at 48C overnight. After binding of 2 mg sonicated DNA, the DNA was eluted with increasing NaCl concentrations (300 -1000 mM) using the MagnetoPure-Micro bead separator (Chemicell). Weakly and highly methylated DNA eluted at the lowest and highest concentrations, respectively. Effective DNA enrichment was monitored by quantitative RT -PCR of the imprinted SNRPN gene. Enriched methylated DNA from CRC tissues was labeled with Alexa Fluor 5, DNA from adjacent normal tissues with Alexa Fluor 3. Labeled samples were cohybridized to a 244 K Human CGI microarray (Agilent Technologies). Arrays contain 199 400 probes covering 27 800 CGIs. Data processing and statistical analyses were done within the R statistical environment, v. 2.13.1 (52) . Background correction and log 2-ratio transformation were performed according to the NormExp method with offset ¼ 50 (53) . To reduce variations between co-hybridized samples, intensity-based LOESS normalization on rank-invariant probes and negative controls was applied (54) . One class significance analysis of microarrays (SAM, package samr, version 2.0 (55)), was performed to find significantly hypermethylated probes with FDR ¼ 5%.
Quantitative DNA methylation analysis
Genomic DNA was treated with sodium bisulfite using the EZ DNA methylation Kit (Zymo Research). Quantitative DNA methylation analysis was performed by MassARRAY technique (Sequenom) as previously described (56) . Amplicons were designed to cover hypermethylated regions derived from microarray results, for primers see Supplementary Material, Table S3 .
Clonal bisulfite sequencing
Bisulfite-treated DNA was PCR-amplified using the same primers and conditions as for MassARRAY analysis. Gelpurified PCR products were ligated into the pCR 2.1 vector using the TOPO TA Cloning Kit (Invitrogen) followed by heatshock transformation into XL 10 Gold ultracompetent cells (Agilent Technologies). Sequences of 24 colonies per sample were determined (GATC Biotech AG) and analyzed using a BIQ Analyzer (57) . mRNA quantification cDNA was synthesized from 500 ng total RNA using Superscript III reverse transcriptase (Invitrogen) and oligo(dT) primers. mRNA expression analysis was performed in triplicates on a LightCycler 480 (Roche) using the LightCycler 480 Probes Master and hydrolysis probes from the Universal Probe Library (Roche) as described (www.roche-applied-science.com). Normalized expression ratios were determined for each sample using ACTB, GAPDH and HPRT1 as reference genes; primer sequences see Supplementary Material, Table S3 . Relative quantification of LIG4 mRNA expression in Validation set 3 was performed in triplicates on an ABI PRISM 7000 instrument using QuantiFast SYBR Green (Qiagen) and GAPDH as the reference gene.
LIG4 copy number analysis LIG4 copy numbers in CRC patient samples were measured by quantitative PCR on genomic DNA (5 ng per reaction) using primers for LIG4 as the target gene and ALB as the reference gene on a LightCycler 480, primer sequences see Supplementary Material, Table S3 . All samples were measured in triplicates and the average Cp value was applied for calculation. Copy numbers were calculated according to Bodin et al. (58) . In brief, DNA from adjacent normal tissue without copy number alterations was used as calibrator. LIG4 Cp values of the tumor samples were normalized to ALB as internal reference gene and to the Cp values of the normal tissues as calibrator.
Analysis of DSB repair using gH2AX assay HCT 116 cells were seeded in 24-well plates (2.5 × 10 4 cells/ well) and adherence was allowed overnight. At 72 h after LIG4 siRNA treatment, cells were irradiated with 10 Gy using a Cs-137 unit (Gammacell w 40 Exactor, Best Theratronics, Ottawa, Canada) at a dose rate of 50 cGy/min to induce DSBs, followed by incubation at 378C for 0.5, 4 and 22 h. Cells were trypsinized and fixed with 2 ml of 1% paraformaldehyde solution (59) . Fixed cells of six wells were combined, centrifuged and resuspended in ice cold 70% ethanol, then 1% Triton X. Cells were labeled using Alexa488 mouse Anti-H2AX-phosphorylated (Ser)139 antibody (Santa Cruz Biotechnology). Labeled cells were analyzed on a FACS Calibur (BD Bioscience) using CellQuest Pro software.
Western blot analysis of ligase IV
Nuclear extracts from cell lines and frozen tissues were prepared with NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, Rockford, IL, USA). The amount of protein was quantified by the Bicinchoninic Acid Assay (SigmaAldrich). Proteins were separated according to size by SDS -PAGE using the NuPAGE Gel System and blotted on a 45 mm polyvinylidene fluoride (PVDF) membrane using the XCell SureLock System. The membrane was blocked with 5% milk in Tris-buffered Saline Tween20 (TBST) for 1 h at room temperature. After washing with TBST, the membrane was incubated with the primary ligase IV antibody [ab26039, abcam, (rabbit polyclonal) diluted 1:1600 in 1% milk in TBST] at 48C overnight. After washing, the membrane was incubated with the Horseradish peroxidase (HRP)-coupled secondary antirabbit antibody sc-2004 (Santa Cruz) for 1 h at room temperature. For protein detection, the Western Lightning Plus-ECL Enhanced Chemiluminescence Substrate system was used. For normalization, b-actin (sc-47778, Santa Cruz) was determined on the same blot.
Cell viability and cell cycle distribution in CRC cells transiently overexpressing LIG4
A clone containing the complete LIG4 open reading frame was obtained from the Genomics and Proteomics Core Facility, DKFZ, Heidelberg. As expression vector, the pDEST-D11 vector was used containing a cytomegalovirus promoter and an attached T2A-green fluorescent protein (GFP) at the C-terminus of the expressed protein. Cells were transiently transfected with either empty vector (EV, pDest-D11-T2A-GFP) or LIG4 overexpressing vector (LIG4, pDest-D11-LIG4-T2A-GFP). As transfecting agent TransIT (Mirus) was used for HCT116 and JetPRIME (Polyplus) for HT29 cells. GFP positive cells were selected by flow cytometry or cell sorting (Imaging and Cytometry Core Facility, DKFZ, Heidelberg). They were considered as efficiently transfected and were used in analyses for cell viability by trypan blue or propidium iodide exclusion or calcein fluorescence. Distribution of cell cycle phases was measured by propidium iodide staining and flow cytometry.
End-joining assay
End-joining activity was measured according to (60) and quantified by RT -PCR (61) . pBlueScript II K+S plasmid was linearized by digestion with BamHI (New England Biolabs), purified by PCR Purification Kit (Qiagen) and used as a substrate. The linearized plasmid had a size of 2961 bp and sticky ends. The endjoining reaction was performed at 258C for 60 min in a total volume of 20 ml including 10 mg of desalted nuclear extract and 110 ng linearized plasmid in ligation buffer (20 mM HEPES -KOH, pH 7.5; 80 mM KCl; 10 mM MgCl 2 ; 1 mM DTT, 1 mM ATP). An extract from HCT116 cells served as a positive control, extracts from HCT116 treated with LIG4 siRNA as a negative control (Supplementary Material, Fig.  S4 ). Ligation sites were quantified by RT -PCR with primers flanking the ligation site (primer-lig-l: TAAAACGACGGC-CAGTGAG; primer-lig-r: CCTCGAGGTCGACGGTATC). The total amount of substrate used in the reaction was measured using primers in the center of the plasmid (primer-subst-l: TTGCCGGGAAGCTAGAGTAA; primer-subst-r: AAGCCA-TACCAAACGACGGAG). The PCR products were detected using the QuantiTect SYBR Green PCR Kit (Qiagen). Evaluation of PCR data was based on the DDCt method. The background amount of ligation product was subtracted from the final amount of ligated sites.
Statistical analyses of quantitative methylation analyses
Comparison of methylation values between two groups (e.g. normal versus tumor) was performed by the Mann -Whitney U-test or by the Wilcoxon matched pair test. Associations between LIG4 hypermethylation and patient characteristics were assessed by Fisher's exact test. Differences were considered as significant at P-values of ,0.05. Analyses were performed on GraphPad Prism software.
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